Streptococcus pneumoniae is an important respiratory pathogen of humans, causing pneumonia (lobar and bronchopneumonia), septicemia, otitis media, and meningitis.
The pneumococcus produces several factors that may be important in the development of disease. One such factor is the pneumococcal toxin pneumolysin. We have shown that pneumolysin is a multifunctional toxin that exhibits cytolytic activity (hemolysis), and at sublytic concentrations it is known to alter the functioning of immune cells (1, 15) . This modulation of cells and thus the activity of the immune system includes the inhibition of ciliary beat on human respiratory epithelium (8, 9) , the stimulation of tumor necrosis factor alpha and interleukin-1␤ release from human monocytes (12) , the activation of phospholipase A 2 in pulmonary cells (20) , and the inhibition of the neutrophil respiratory burst (18) . The toxin also activates the classical complement pathway in the absence of antipneumolysin antibody (16) .
Pneumolysin plays an important but as yet not completely defined role in the development of bronchopneumonia. It has been previously shown that pneumococci not expressing pneumolysin have reduced virulence in the mouse compared to the wild-type organism, with slower pneumococcal growth in the lungs and delayed development of associated septicemia, culminating in a general reduction in the severity of the inflammatory response (6) . It has also been shown that immunization with a genetically engineered toxoid version of pneumolysin protects mice from bronchopneumonia (2) . It is also worth noting that pneumolysin alone can reproduce the symptoms of pneumococcal disease in the lungs (9) . Hence, either by direct damage to the host or by stimulation of host inflammatory mediators leading to bronchopneumonia, pneumolysin may play an important role in the induction and further maintenance of the inflammatory response.
Despite a considerable amount of work illustrating the requirement for pneumolysin in bronchopneumonia, studies examining host tissue pathogenesis and the interactions between bacterial and host factors in bronchopneumonia are rare. In this paper, we discuss how bronchopneumonia develops in a murine model of bronchopneumonia and septicemia due to both wild-type Streptococcus pneumoniae and a pneumolysinnegative mutant. We monitored for the first time in this particular animal model the early events involved in the initial progression of bronchopneumonia and its subsequent development after intranasal infection. We have focused not only on bacterial growth kinetics but also on the host tissue response in terms of the onset of inflammation, the timing of inflammatory cell infiltrate into lungs, the nature and type of host immune cells involved in these processes, and the development of tissue histopathology.
Our hypothesis is that in pneumococcal bronchopneumonia, pneumolysin is the major trigger of inflammation and toxemia and that it acts by activating a cascade of host factors responsible for the recruitment of inflammatory cells. We will be looking to see how the pattern of bacterial growth and dissemination, host morbidity and mortality, and the progress of inflammation and production of host factors develop by using our model of bronchopneumonia and septicemia due to parental wild-type and pneumolysin-negative mutant pneumococci. By combining these results with data on bacterial growth in the lungs and blood, we intend to develop a picture of certain aspects of the host inflammatory response to pneumococcal infection.
MATERIALS AND METHODS
Pneumococcal strains. The wild-type S. pneumoniae strain used was serotype 2 strain D39, NCTC 7466 (National Collection of Type Cultures, London, United Kingdom). The pneumolysin-negative mutant used, PLN-A, was made by insertion duplication mutagenesis (5). Pneumococci were cultured on blood agar base containing 5% (vol/vol) horse blood or in brain heart infusion broth (Oxoid, Basingstoke, United Kingdom) containing 20% (vol/vol) fetal bovine serum (FBS; Gibco, Paisley, United Kingdom) supplemented with 1 mg of erythromycin (Sigma, Poole, United Kingdom) per ml for PLN-A.
Preparation of the challenge dose. S. pneumoniae was passaged through mice as described previously (6) , and aliquots were stored at Ϫ70°C. Pneumococci can be stored for at least 3 months at Ϫ70°C with no significant loss of viability. When required, the suspension was thawed at room temperature and bacteria were harvested by centrifugation before being resuspended in sterile phosphate-buffered saline (PBS).
Intranasal challenge of mice. Female MF1 outbred mice weighing 30 to 35 g (Harlan Olac, Bicester, United Kingdom) were lightly anesthetized with 2.5% (vol/vol) fluothane (Zeneca, Macclesfield, United Kingdom) over oxygen (1.5 to 2 liters/min). A 50-l volume of PBS containing 10 6 CFU of S. pneumoniae wild type or PLN-A was administered to the nostrils of mice held vertical. Mice were monitored for symptoms of disease for 48 h (longer for those infected with PLN-A) or until they became moribund, at which point the experiment was ended.
Experiments were done to determine the growth of bacteria in vivo. At preselected time intervals following infection, groups of mice were deeply anesthetized with 5% (vol/vol) fluothane and blood was collected by cardiac puncture. Following this procedure, the mice were killed immediately by cervical dislocation. The lung were removed into 10 ml of sterile distilled water, weighed, and then homogenized in a Stomacher-Lab blender (Seward Medical, London, United Kingdom). Viable counts in homogenates and in blood were determined as described previously (6) . The presence of a type 2 polysaccharide capsule was confirmed by the Quellung reaction.
Enumeration and differential analysis of lung leukocyte counts. At the same prechosen intervals following infections as above, lungs from preselected groups of mice were removed, as above, and leukocytes were prepared by a modification of a previously published method (7, 13) . After removal of the lungs from sacrificed animals, the tissue was placed into 10 ml of Hanks balanced salt solution. The lungs were then cut into small pieces and homogenized in 5 ml of digestion buffer (5% [vol/vol] FBS in RPMI 1640 with collagenase [Sigma] at 0.5 mg/ml [207 collagen digestion units] and DNase I from bovine pancreas [Sigma] at 30 g/ml [87 units]) through a tea strainer a total of three times. After homogenization, lung samples were incubated at 37°C for 30 min. Subsequently, digested tissue samples were pipetted to break up tissue fragments and passed through a column containing approximately 1 cm of nonabsorbent cotton wool in a glass Pasteur pipette to remove large pieces of debris. Cells collected in Falcon 2052 tubes (Becton Dickinson) were centrifuged at 322 ϫ g for 5 min at 4°C. The supernatant was removed, and the cells resuspended in 1 ml of 1ϫ lysis solution (Pharmingen, San Diego, Calif.). After 5 min at room temperature to lyse the erythrocytes, the remaining cells were brought to isotonicity by adding an excess volume of ice-cold 1ϫ PBS. Following centrifugation at 322 ϫ g for 5 min at 4°C, the cells were washed with 1 ml of 1ϫ PBS before a final resuspension in 1 ml of 5% FBS in RPMI 1640. The cells were then enumerated with a hemocytometer (Improved Neubauer; Weber Scientific International Ltd.) with the addition of trypan blue in 1ϫ PBS at a 1:1 volume ratio of stain to cell suspension. The total number of cells used from each lung sample was diluted with 5% (vol/vol) FBS in RPMI 1640 to give a total of 7 ϫ 10 4 to 10 ϫ 10 5 cells per 50 l. For differential analysis, cytocentrifugation of these cells was performed with 50 l of cell suspension centrifuged onto cytospin slides (Shandon) in a cytocentrifuge (Cytospin 2; Shandon) at 108 ϫ g for 3 min. Following centrifugation, the slides were air dried briefly and then fixed in 100% methanol for 10 min. After fixation, differential staining was performed with Giemsa stain (BDH, Poole, United Kingdom). The slides were quantified independently by two observers at ϫ500 magnification with a graticule-equipped eyepiece, and mononuclear leukocytes, lymphocytes, and polymorphonuclear leukocytes were identified. At least 200 cells were counted on each slide in total. By using the percentage of each type of leukocyte obtained from each slide, cell numbers of each leukocyte population were calculated from the total number of cells counted per milliliter. All slides were read by investigators blinded to their identity, and the coefficient of intraobserver variation was 3.4%.
Histology. At prechosen intervals, whole-lung samples from infected mice were excised, embedded in Tissue Tek OCT, and frozen in liquid nitrogen with an isopentane heat buffer to prevent snap freezing and tissue damage. Once frozen, the samples were stored at Ϫ70°C until required. At 1 day before sectioning, the samples were moved to Ϫ20°C. On the day of sectioning, 15-m sections were taken at Ϫ18 to Ϫ25°C on a Bright microtome. The sections were allowed to dry at room temperature for 20 min, and the embedding compound surrounding the tissue was peeled away and discarded. Once dried, the sections were stained with hematoxylin and eosin. After being stained, the sections were fixed with DPX mountant (BDH) for permanent storage.
Immunohistochemistry. Leukocyte recruitment into lung tissue was analyzed by an alkaline phosphatase anti-alkaline phosphatase (APAAP) staining method as described previously (14) . Rat anti-mouse monoclonal antibodies to T cells (CD3), B cells (CD19), macrophages (F/480), and neutrophils (7/4) (Serotec, Oxford, United Kingdom) were used. Four sections from each lung collected at chosen time points were used for each antibody to be tested, along with three sections for negative controls: (i) an isotype-matched control antibody; (ii) exclusion of the primary antibody (or the secondary enzyme-conjugated antibody); and (iii) a sample not incubated with the substrate-chromogen solution. Once stained, the sections were analyzed by one observer (A.K.) and positively stained cells within the vicinity of inflamed bronchioles were enumerated. The distribution patterns of positively stained leukocytes within the lungs were also observed.
Statistical analysis. Data were analyzed by a one-tailed Mann-Whitney U test, Student's t test, and one-way analysis of variance. Statistical significance was assumed at P Ͻ 0.05.
RESULTS

Symptoms following infection.
All 75 mice challenged intranasally with 10 6 CFU of wild-type S. pneumoniae showed signs of illness (starry coat and hunched appearance) by 24 h postinfection. By 48 h postinfection, all the mice had become moribund. In contrast, the most extreme symptom in mice infected with PLN-A was starry coat, seen in all 30 mice at 48 h. Thereafter, none of the 20 mice observed showed symptoms within the remaining 9 days of the experiment.
Growth of wild-type and PLN-A pneumococci in lung tissue and blood. The growth of the pneumolysin-negative strain, PLN-A, in lung tissue and blood was different from that of the parental wild-type strain. In the lungs, over the first 16 h for the wild type and 8 to 10 h for PLN-A, bacterial numbers declined sharply; they began to increase again 12 to 16 h postinfection (Fig. 1a) . PLN-A growth was significantly slower (P Ͻ 0.05) (maximum doubling time, 178 min) than wild-type growth (maximum doubling time, 120 min), although both showed identical growth patterns when grown in vitro in brain heart infusion medium (data not shown). Both wild-type and PLN-A growth showed no further increase after 24 h postinfection. There was, however, a statistically significant difference between wild-type and PLN-A levels at 2, 4, 6, 20, 24, and 48 h (P Ͻ 0.05 for all time points). There was no significant difference at other time points. Levels of PLN-A in lung tissue decreased by 72 h and significantly so by 96 h compared to the 48-h levels (P Ͻ 0.05), but the bacterium still persisted 264 h postinfection (Fig. 1b) .
Neither the wild type nor PLN-A was detected in the blood until 12 h postinfection, at which time bacteria were isolated from all mice (five mice for each infection) (Fig. 2a) . The two organisms showed comparable rates of increase until 16 h, at which time wild-type numbers increased rapidly (maximum doubling time, 145 min), reaching a peak by 24 to 48 h, whereas the numbers of PLN-A organisms did not increase after 20 to 24 h postinfection (maximum doubling time, 307 min). These differences between the wild type and PLN-A at 24 and 48 h were statistically significant (P Ͻ 0.01 for both). Levels of PLN-A organisms began to decrease after 48 h, but organisms still persisted in the blood for at least 11 days (264 h) postinfection (Fig. 2b) , with no signs of illness in infected mice at times after 48 h. Production of a type 2 capsule was confirmed by Quellung reactions at 24 and 48 h postinfection for wildtype and PLN-A organisms recovered from both lungs and blood.
Histological examination of lung tissue. Histological analysis of lung tissue sections from mice infected with wild-type pneumococci showed inflammation and cellular infiltration centered around bronchioles and perivascular areas. The foci of inflammation were restricted to certain bronchioles and perivascular areas close to these bronchioles at 24 h postinfection. Inflammation presented itself as hypertrophy of bronchiole walls, heavy cellular infiltration around such bronchioles, and some edema. Bacteria were detected within alveoli and around inflamed bronchioles.
By 48 h postinfection, bronchiole wall thickening had increased, and solid fibrous tissue and exudate filling the bron-chioles and alveolar spaces had appeared. Additionally, cellular infiltration had increased, with extension of inflammatory cells from bronchioles and perivascular areas into the surrounding lung parenchyma and with several focal areas of consolidation becoming larger and more diffuse. The presence of alveoli in lung sections at this time point was hardly distinguishable due to intensive tissue edema. Overall, during this period of infection, inflammation and tissue injury had encompassed nearly all of the lung surface ( Fig. 3a and b) .
The histological changes seen in the lungs of mice infected with PLN-A were generally delayed compared to those in the lungs of mice infected with the wild type and were less severe, exhibiting considerably less tissue inflammation and cellular infiltration into perivascular areas between infected bronchioles at 24, 48, 72, and 96 h. However, despite this lower severity and the lower levels of pathologic tissue damage, some bronchioles did exhibit signs of inflammation by 48 h, with moderate levels of cellular infiltration and hyperplasia. Compared to wild-type-infected mice, however, the cellular infiltration around such bronchioles appeared to be less intense and did not extend into the perivascular areas. Loss of alveolar structure, parenchymal involvement, and interstitial edema were greatly reduced, and no focal areas of tissue consolidation were present. General tissue edema was mild, and tissue fibrosis was absent (Fig. 4) .
Total and differential leukocyte analysis of cytocentrifuged lung homogenates. Total leukocyte numbers and individual lymphocyte, macrophage, and polymorphonuclear cell numbers were enumerated over the time course of infection in wild-type-and PLN-A-infected mice.
Total leukocyte levels in wild-type-infected lung tissue homogenates increased by 12 h and reached significantly increased values (P Ͻ 0.05) by 24 h postinfection (Fig. 5) compared to the time zero levels. In contrast, total leukocyte levels in PLN-A-infected lung tissue homogenates showed no signif- icant change until 48 h postinfection, when they were significantly greater than those at time zero (P Ͻ 0.01). Interestingly, the total leukocyte levels in PLN-A-infected mice were lower at 72 h postinfection than at 48 h. The total leukocyte levels also appeared to be lower in PLN-A-infected than in wildtype-infected tissue at each equivalent time point; however, between 12 and 48 h the differences did not reach statistical significance.
When individual cell types were analyzed in wild-type-infected total-lung homogenates, polymorphonuclear cell numbers in the lungs showed significant increases by 12, 24, and 48 h postinfection (Fig. 6a) compared to time zero (P Ͻ 0.05, 0.01, and 0.05 respectively). Macrophage levels decreased by 24 h (P Ͻ 0.01), whereas lymphocyte levels showed no significant change throughout the 48-h time course (Fig. 6a) . When the same analysis was carried out for PLN-A-infected totallung homogenates, a different picture emerged. Although polymorphonuclear cell levels were again significantly higher at 24 and 48 h postinfection (P Ͻ 0.01 and 0.05, respectively) than at time zero (Fig. 6b) , there was no increase at 12 h and the number of cells was significantly smaller than the number observed for wild-type-infected tissue at each equivalent time point (P Ͻ 0.01). Additionally, as was the case for total leukocyte levels, the levels of polymorphonuclear cells in PLN-Ainfected tissue also decreased substantially by 72 h compared to the 24-and 48-h levels. Macrophage levels at 24 h postinfection were significantly higher than in wild-type-infected tissue at the equivalent time point (P Ͻ 0.05), but a significant decrease in macrophage levels in PLN-A-infected tissue occurred 72 h postinfection compared to time zero (P Ͻ 0.01). A similar decrease had occurred at 24 h in wild-type-infected tissue. As in wild-type-infected lungs, lymphocyte levels in PLN-A-infected lungs showed no significant changes throughout the time course (Fig. 6b) . The levels of each cell type were the same (P Ͼ 0.05) at time zero for both wild-type-and PLN-A-infected mice, and when data were analyzed with each cell population as a percentage instead of total numbers of cells, the same patterns were obtained (data not shown).
Immunohistochemical analysis of inflammatory cell infiltrates.
To further analyze leukocyte infiltration into lung tissue, in situ analysis of leukocyte numbers, distribution patterns, and their anatomical localization in lung tissue over the time course of infection with the wild type and PLN-A was performed by immunohistochemistry. Positively stained cells were enumerated in inflamed areas of sectioned lung tissue only.
In inflamed areas of wild-type-infected lung, the numbers of neutrophils showed the greatest increase, reaching a statistically significant peak (P Ͻ 0.05) at 24 h compared to time zero (Fig. 7) . This also reflected the equivalent increase seen in total-lung homogenate counts of neutrophils. Neutrophils were observed within inflamed bronchioles and in bronchiole walls but also to a much greater extent in the perivascular areas surrounding inflamed bronchioles and in alveolar spaces. These areas of lung tissue were heavily infiltrated with neutrophils at 24 h. However, the numbers of neutrophils in tissue, especially in and around inflamed bronchioles, decreased significantly by 48 h postinfection compared to 24 h (P Ͻ 0.05). The numbers of neutrophils were still larger than those of macrophages or lymphocytes at equivalent time points, as was also the case for the numbers of total-lung homogenate.
T lymphocytes showed interesting patterns of distribution, with the numbers of cells in inflamed areas increasing significantly (P Ͻ 0.05) by 24 and 48 h postinfection compared to time zero. The numbers of T cells were large in tissue surrounding inflamed bronchioles and somewhat smaller in close proximity to the bronchiole walls themselves by 24 h (Fig. 8a) . By 48 h, however, the numbers of T cells around the bronchiole walls had decreased but the numbers in perivascular tissue and around inflamed bronchioles had increased, as had the total number of T cells dispersed throughout the tissue as a whole (Fig. 8b) . Thus, there is a shift in distribution patterns from bronchioles to tissue spaces between the inflamed bronchioles.
The total numbers of macrophages in inflamed areas remained constant at 0, 24, and 48 h postinfection. However, the numbers of macrophages localized inside inflamed bronchioles and in perivascular tissue areas surrounding such bronchioles increased by 24 h compared to time zero. Macrophages were also seen in alveolar spaces by this time point. The number of B lymphocytes in lung tissue increased steadily by 24 and 48 h postinfection. This increase was observed in tissue in close proximity to inflamed bronchioles and to a lesser extent within alveolar spaces. By 48 h, B lymphocytes were also observed within inflamed bronchioles.
In inflamed areas of PLN-A-infected lung tissue, neutrophil numbers increased by 24 h and continued to do so until reaching a peak significantly greater than the initial value (P Ͻ 0.05 compared to time zero levels) by 48 h (Fig. 9) , again in keeping with equivalent increases in neutrophil counts in total-lung homogenate. Neutrophil numbers in perivascular areas around inflamed bronchioles increased somewhat by 24 h and to a greater extent by 48 h, although the numbers within bronchioles did not increase. Neutrophil numbers in PLN-A-infected tissue were significantly smaller at 24 h postinfection (P Ͻ 0.05) and smaller again at 48 h postinfection compared to the numbers found at the equivalent time points in wild-typeinfected tissue. However, neutrophils exhibited a similar anatomical localization pattern in both types of infected lungs.
No changes were seen in the numbers of T lymphocytes, B lymphocytes, and macrophages in PLN-A-infected tissue from 0 to 24 h postinfection, unlike in wild-type-infected tissue (Fig.  9) . By 48 h postinfection, small increases in the numbers of such cells were observed. Both macrophages and T lymphocytes showed increased numbers by 48 h, with macrophage numbers increasing within inflamed bronchioles and especially around inflamed bronchiole tissue. T-cell numbers, on the other hand, showed small increases in and around inflamed bronchioles (Fig. 8c) but considerably less than for wild-typeinfected tissue. A similar pattern was also observed for B lymphocytes. The total number of cells was much smaller than that observed in wild-type-infected tissue sections, however.
The main differences between cell infiltrates into wild-typeand PLN-A-infected lung tissue were the changing distribution patterns for T lymphocytes and neutrophils, the greater numbers of infiltrating cells in wild-type-infected lung sections, and a general decrease in numbers of infiltrating cells by 48 h postinfection in wild-type-infected tissue compared to 72 h postinfection in PLN-A-infected tissue.
DISCUSSION
We have previously shown that pneumolysin is crucially involved in the pathogenesis of pneumococcal pneumonia (6). 6 CFU of wild-type S. pneumoniae (n ϭ 5 for each time point; error bars indicate SEM). P Ͻ 0.05 for polymorphonuclear cell levels at 12 and 48 h and P Ͻ 0.01 for levels at 24 h compared to time zero. P Ͻ 0.01 for macrophage levels at 24 h compared to time zero. (b) Differential leukocyte counts from whole-lung homogenate cytospins from MF1 mice infected intranasally with 10 6 CFU of S. pneumoniae PLN-A (n ϭ 5 for each time point; error bars indicate SEM). P Ͻ 0.01 for polymorphonuclear cell levels at 24 h and P Ͻ 0.05 for cell levels at 48 h compared to time zero. P Ͻ 0.01 for macrophage levels at 72 h compared to time zero.
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We found that a pneumolysin-negative mutant grew more slowly in the lungs and induced much less inflammation than did compared to the parent wild-type organism (6) . In this paper, we have analyzed pneumococcal growth in the lungs and blood of mice in more detail than before and have characterized the pattern of inflammatory-cell influx. These data revealed that the pattern of survival and cell influx of wild-type and PLN-A pneumococci is more complex than we previously saw. When the growth kinetics of both wild-type and PLN-A organisms in lungs was examined, three phases were seen in the first 48 h postinfection: (i) an early and sharp decline in numbers of pneumococci, (ii) an increase in numbers, and (iii) a stage where pneumococcal numbers remained constant or declined. Although the two strains showed similar patterns, the most obvious difference between the wild type and PLN-A was the extent of the change in two of the phases. The early, sharp decline of pneumococcal numbers was much more evident for PLN-A and the increase in numbers after 16 h was much sharper with wild-type pneumococci. Thus, pneumolysin appears to be crucial to the survival of the pneumococcus at two distinct stages of the infection.
The occurrence of these three phases of pneumococcal decline or growth at different times after infection implies that different antipneumococcal systems emerged over time or that their effectiveness changed with time. This view is reinforced by the second period of decline in numbers of bacteria in the lungs seen with PLN-A after 48 h postinfection. The pattern of influx of inflammatory cells was consistent with this idea.
When pneumococcal growth in blood was examined, distinct stages were seen again: a rapid increase in the numbers of pneumococci and the subsequent stabilization of these numbers. A notable feature here was the much lower plateau of the PLN-A level reached in the blood compared with the level of wild-type organisms. Another feature was the asymptomatic persistence of PLN-A in the blood. In these experiments, pneumolysin did not influence the time of appearance of pneumococcal bacteremia or the early rate of increase in bacterial numbers. However, it did influence the sensitivity of pneumococci to the mechanism that eventually limits their numbers. Whatever the nature of this mechanism, it is one of stasis rather than cidal action. Previous investigation of bacteremia with the same strain of pneumococci also showed the persistence of PLN-A in blood up to 7 days postinfection, with 50% survival of infected animals (3). The authors suggested that the absence of pneumolysin during the early hours of infection prevents the development of sepsis and delays death by at least several days. Our previous finding that a delay in the appearance of pneumococci in the blood is associated with a delay in the time of death would also suggest that the onset of bacteremia is an important determinant of the time of death (6) .
Previous work with a model of endotracheal instillation (21) has shown that PLN-A has a reduced capacity to injure the alveolar-capillary barrier and hence a reduced capacity to multiply within lung tissue. It has also been shown that PLN-A failed to cause the separation of tight junctions between epithelial cells. It was suggested that as a consequence, adherence to separated epithelial cell edges and invasion of lung tissue were decreased (19) . PLN-A is also known to be less successful in penetrating the interstitium of the lung from the alveoli and invading the bloodstream than is the wild type. When purified pneumolysin is coinstilled with PLN-A, however, the pattern of multiplication is similar to that of the wild type (21) . Although using a different model, the authors showed that pneumolysin facilitated the intra-alveolar replication of pneumococci, as well as the penetration of these bacteria from alveoli into deeper lung tissue, eventually resulting in the presence of pneumococci in the bloodstream (21) .
This previous work, combined with the observations described in this paper, suggests that the cytotoxic properties of pneumolysin are essential for bacterial multiplication in the alveoli. Pneumolysin appears to play an important role especially during the first 6 to 8 h of infection, when bacterial colonization and growth within host tissue crucially occur to form the basis of future inflammatory reactions and systemic infection.
To begin to explain the host mechanisms underlying these patterns of pneumococcal behavior, we analyzed the influx of inflammatory cells into infected lungs. We found a sequential infiltration pattern of inflammatory cells which failed to eliminate wild-type pneumococci from lungs and resulted in bacterial proliferation, bacteremia, and eventual host death. Recently published work with CD1 Swiss mice intranasally challenged with S. pneumoniae (4) also showed a sequential movement of different inflammatory cells into the lungs. As with our observations, it was reported that an early neutrophil influx was followed by an increase in the number of lymphocytes, but in contrast to our data, a large increase in macrophages was seen. However, the data of Bergeron et al. (4) When total or individual leukocyte levels in the lungs are analyzed, it is clear that the early sharp decline in wild-type or PLN-A pneumococci was well under way before measurable cellular influx had begun. The nature of the antimicrobial system at this stage is unknown, but the absence of pneumolysin increases its effect on pneumococci. Candidates could include surfactants, complement, or resident macrophages. It has been shown previously that pneumolysin interacts with complement (16) and monocytes (17) , but its interaction with surfactant is unknown.
Eventually, the sensitivity of the pneumococci to this early killing system wanes and is not restored by the appearance of inflammatory cells, so that beginning around 16 h, wild-type pneumococci appear to enter a period of unrestrained growth. This occurs in spite of the concomitant influx of neutrophils at this time. Therefore, it would suggest that these infiltrating neutrophils are able to kill wild-type pneumococci. This appears not to be true for PLN-A pneumococci; here, the rate of increase in the number of bacteria in the second stage is much lower even though the influx of neutrophils is slower and less intense. Thus, it might be concluded that pneumolysin increases the timing and extent of the influx of neutrophils but significantly inhibits their activity on arrival. This conclusion is entirely consistent with the previously reported activity of pneumolysin in vitro, whereby it significantly depressed a variety of phagocytic functions, such as the respiratory burst and the release of lysosomal enzymes, and pneumolysin-treated phagocytes had a depressed ability to kill S. pneumoniae in vitro (17) .
An interesting observation was the early accumulation of T and B lymphocytes at the sites of inflammation. Three associated observations are worth noting. First, the peak of accumulation is coincident with the beginning of the phase when pneumococcal growth ceases (Fig. 1a and 7) , which is seen as stasis of the wild-type strain or eventual decline of PLN-A numbers. Second, the time of maximum accumulation of lymphocytes is delayed in the absence of pneumolysin and also is less intense (Fig. 9) . Resolution of cause and effect in these observations is clearly required before their significance can be assessed. Finally, the accumulation of lymphocytes is not reflected in a significant increase in the total number of lymphocytes in the lungs. Previous work has demonstrated the presence of a large T-cell population within the extravascular compartment of the rat lung, which is distributed randomly throughout the alveolar septal walls (11) . This population is said to be at least five times larger than the peripheral blood T-cell pool in SPF rats (10) . It is possible that the accumulation of T cells within certain areas of lung tissue, without significant increases in total numbers of infiltrating T cells, may reflect a shift in the pattern of accumulation of resident T cells rather than infiltrating cells.
Another interesting feature is the localization of inflammatory cells within the lungs. It appears that these cells migrate toward specific areas of lung tissue; they first travel to tissue surrounding inflamed bronchioles and around bronchiole walls, but they then decrease in number in these areas and increase in number in perivascular areas away from the inflamed bronchioles and throughout the lung parenchyma. This shifting migration pattern suggests that immune system cells migrate within lung tissue toward areas of bacterial confluence. The chemotactic factors that mediate these events are not known, but the CXC and CC chemokines are obvious candidates. The role of these chemokines is the subject of our continuing investigations.
In conclusion, the capability of the host to confine pneumococcal numbers and to survive infection by pneumococci unable to make pneumolysin indicates the vital role of this toxin in disease. Although much remains to be determined about the events described above, this paper highlights a number of new questions that must be addressed if we are to fully understand the interaction of pneumococci and the host during pneumonia.
